surveillance bias, radiation effects, and known rare familial associations for some tumors, these factors alone are unlikely to explain the persistent, significant two-way association with renal and breast cancers. Additional research is needed to further define the biological and environmental mechanisms underlying these associations.
Thyroid cancer is the most common malignancy affecting the endocrine glands, with 2004-2008 ageadjusted incidence rates of 16.3 per 100,000 women and 5.6 per 100,000 men. 1 Exposure to ionizing radiation and family history of cancer syndromes are well-known risk factors for thyroid cancer development; however, much remains to be learned regarding its etiology. Existing literature supports an increased risk of second primary malignancies in patients treated for thyroid cancers with various reports showing a 30-42% increased risk. [2] [3] [4] [5] [6] [7] [8] In some studies, the elevated risk was attributed to I-131 exposure in the treatment of thyroid cancer, whereas in others there did not appear to be any correlation with exposure to this radioisotope. 2, 4, 5, 8, 9 The converse is also true in that there appears to be an increased risk of subsequent primary thyroid cancers (SPTC) in patients with other malignancies. 7 Ronckers et al. reported a 29% increased risk of thyroid cancer after any primary malignancy, when compared to the general population. 8 For thyroid cancer, this increased risk may be related to treatment effects, particularly external beam radiation. The British Childhood Cancer Survivor Study showed that risk of thyroid cancer as a second primary neoplasm was highest after Hodgkin disease and non-Hodgkin lymphoma. Survivors treated with radiotherapy had a relative risk of 4.6 compared to those not treated with radiotherapy. 10 However, other authors note increased risks of SPTC even in patients who did not undergo any radiation treatment. 8, 11, 12 Presented in part as a poster at the annual AAES meeting, Houston, TX, April 2011.
Although these cohort studies provide valuable information, most report overall risks of cancer development, which can be misleading as the risk of diagnosing a second primary is most pronounced in the first year of diagnosis, possibly as a result of initial cancer staging studies or increased surveillance. As such, some of these second primaries may be synchronous rather than metachronous and lead to overestimates of risk. In addition, most studies on SPTC include all histologic subtypes of thyroid cancers together in the analyses. Inclusion of medullary thyroid cancers in particular, which have a different cellular origin and a known strong familial association has the potential to confound risk estimates. 8, 10 Given the above, we sought to systematically evaluate the risk of a SPTC in patients with common invasive cancers, with a particular emphasis on examining the variation of risk trends over latency periods, especially beyond the first year of diagnosis of the initial primary. We also evaluated whether these risks were associated with particular thyroid tumor histologies.
METHODS
The Surveillance, Epidemiology and End Results (SEER) program of the National Cancer Institute was used to identify our study population. The SEER program collects data on all individuals diagnosed with cancer residing in several geographically defined regions of the United States. 13 To allow sufficient time for follow-up, our study included patients from the original 9 SEER Registries (Atlanta, Connecticut, Detroit, Hawaii, Iowa, New Mexico, San Francisco-Oakland, Seattle-Puget Sound, and Utah). Data were available for cases diagnosed from 1975 through 2008 and collectively cover about 10% of the U.S. population.
We chose to focus on the 10 most commonly diagnosed cancers. These included first primary cancers only of the uterus, colorectum, female breast, renal, lung, prostate and bladder cancers, lymphoma, leukemia and skin melanoma. Inception cohorts of individuals each with one of these 10 most common cancers were identified and observed for the development of SPTC from 1975-2008. To measure relative risk for SPTC compared to the general population in the 9 SEER areas, we calculated a standardized incidence ratio (SIR) for each type of second and higher primary cancer (i.e. observed/expected) along with its exact 95% confidence interval (CI). The SEER*Stat Multiple Primary-SIR program (version 7.0.4) was used to calculate the SIRs. P values of \0.05 were considered statistically significant. Personyears at risk in the cohort were accumulated by 5-year age groups (0-4, 5-9,…85?), latency periods (2-11 months, 12-59 months, 60-119 months, 120? months) and 5-year calendar periods (1975-79, 1980-84,…2005-2008) after the date of diagnosis of the first cancer to the date of either their diagnosis of the targeted second or higher cancer, last known follow-up, death or December 31, 2008, whichever occurred first. Cancer incidence rates specific for the strata in which person-years were distributed were multiplied by the corresponding person-years at risk to estimate the number of cancer cases expected in each stratum.
Thyroid cancers were included when they occurred after the specified common cancer as the second or higher malignant cancer. Histologic subtypes of thyroid cancer included were based on the ICD-O-3 morphology codes and were classified into groups on the basis of the World Health Organization classification of thyroid cancers.
14 For the purposes of these groupings, follicular variant of papillary thyroid cancer was included with the papillary thyroid carcinoma group as a result of their similar clinical behavior. Cases diagnosed within 2 months of the initial primary tumor were excluded as these were likely to represent synchronous cancers. Lastly, death certificate or autopsy only cases were also excluded to limit the analyses to clinically relevant tumors. Renal tumors were also classified into groups (Renal cell tumors, transitional cell carcinoma, other adenocarcinomas, anaplastic tumors, mesenchymal tumors, nephroblastic tumors, lymphomas and other) by using the World Health Organization classification as a guideline. 15 
RESULTS

SIRs for SPTC of Various Histologic Subtypes
The study cohort included 2,152,303 patients with one of the 10 most common cancers with a total of 2502 SPTCs included in the final analyses. Eight of the 10 studied malignancies were associated with a significantly increased overall SIR for SPTC ( Table 1 ). The only exceptions were uterine and bladder cancers.
Examination of the latency trends revealed that 9 of 10 evaluated cancer types (with the exception of bladder cancer) had significantly elevated SIRs for SPTC in the first year after initial diagnosis. SIRs for SPTC were also elevated at 12-59 months after initial diagnosis for most of the evaluated cancers. The exceptions were leukemia, uterine and bladder cancers.
Beyond this latency period, the increased risk of SPTC persisted at 60-119 months for renal and female breast cancer (Fig. 1a) . However, only renal cancers were associated with a persistently elevated SIR after 120? months of diagnosis of the initial primary tumor.
In contrast to the above primaries, leukemias, lymphoma and melanoma were associated with initial overall elevated SIRs, followed by a delayed, rather than persistent, increased risk of SPTC 120? months after diagnosis of the initial tumor (Fig. 1b) . Interestingly, uterine cancer was associated with a significantly elevated risk of SPTC only in the first year of diagnosis. This risk did not persist and in fact this was the only malignancy for which SIRs were significantly lower during prolonged follow-up.
Most of the elevated SIRs were associated with the papillary group (including the follicular variant of papillary thyroid cancer) or follicular carcinoma, except for prostate cancer which was associated with second primary medullary thyroid cancers, albeit only in the first year of diagnosis. Lymphomas and lung tumors also demonstrated elevated SIRs for other rare thyroid tumor types up to 60 months.
Tumors with Persistently Elevated SIRs
We decided to focus on the cancers with persistently elevated risks noted beyond 60 months and throughout the latency periods (renal and female breast cancers) as this trend was not noted in other malignancies. To explore the effects of radiation treatment of the primary malignancy on the development of SPTC, the SIRs were stratified by whether or not patients received or planned to receive radiation as part of the first course of therapy. As shown in Table 2 , the significantly increased risk of SPTC after renal cancers was primarily observed in nonirradiated patients. Moreover, the latency and histology trends remained similar to those observed in Table 1 -that is, the risk of SPTC remained elevated throughout the latency periods and this was accompanied by a significant SIR for follicular thyroid cancers in the period of 60-119 months. Very few patients received radiotherapy, and although the overall SIR for this group was elevated, most of the risk was attributable to the first year of diagnosis. Significantly increased overall risks of SPTC after breast cancers were observed in both irradiated and nonirradiated patients. In terms of the latency trends, elevated SIRs were noted in radiated patients up to 60 months of diagnosis, but the long-term elevated risks noted in Table 1 (i.e., up to 119 months after diagnosis) were seen only in the nonirradiated group.
In order to further elucidate long-term risks related to these two tumors, SIRs were calculated for the reciprocal situations (i.e., thyroid cancer presenting first). Significantly increased reciprocal overall SIRs were noted for the development of both renal and female breast cancer after initial primary thyroid cancer (Table 3) . For renal cancers after a thyroid primary, the SIRs followed similar latency trends as in Table 1 . In addition, the risks of developing breast cancer appeared to be elevated only through the initial 119-month periods. The elevated risks did not persist 120? months after thyroid cancer. With respect to tumor histology, while the increased risks were primarily associated with papillary and follicular thyroid cancers, there were increased SIRs associated with anaplastic and other morphologies, albeit the observed number of cases in these situations was small. Similar to the trend noted in Table 1 , follicular thyroid cancers were more prominent in the later latency periods, particularly after 60 months.
Persistent Two-way Association with Renal Cancer
The strong, long-term persistent two-way association between renal and thyroid cancer observed throughout the latency periods (and seemingly unrelated to radiation treatment) was further explored to determine if any particular histology of renal cancers was contributing to the elevated SIRs. The histologies were stratified for the reciprocal situation (i.e., renal cancer after thyroid cancer, as thyroid cancers have a better prognosis and this strategy would maximize number of cases to discern any significant associations). Most of the elevated SIRs were associated with the renal cell carcinoma histology group (Table 4) , rather than other tumor types. The SIRs were also stratified by treatment received for thyroid cancer. Significantly elevated SIRs for renal cancer were seen in not only patients who underwent treatment of thyroid cancer with radio-isotopes, but also in patients who did not receive any radiation/radio-isotope therapy (Table 5) . Moreover, the SIRs remained elevated throughout the latency periods in the no radiation group.
DISCUSSION
There have been several studies evaluating the risk of SPTCs in patients with other malignancies. 3, 7, 8 In contrast to the published literature, our study is novel in that it focuses on the examination of the short and long-latency course of the risks rather than overall risks to examine the role of diagnosis and surveillance bias in these associated cancers. In addition, our study is the first to examine the risks as they pertain to different tumor histologies.
Our evaluation shows that many commonly diagnosed cancers are associated with an increased overall risk of SPTC, similar to the observations of other authors. 3, 7, 8 Furthermore, in keeping with other studies, most of the elevated overall SIRs could be attributed to the increased risks noted in the first year after diagnosis of the initial malignancy. This trend was present even after excluding SPTCs diagnosed within 2 months of the primary and would thus be considered synchronous cancers. Despite this, it is still possible that some of the SPTCs observed in the first year could still be considered synchronous. Increased surveillance of these patients in the first year of diagnosis could also account for the observed elevated SIRs.
Interestingly, many malignancies continued to have significantly elevated SIRs up to 5 years after initial diagnosis. This can be explained partly by continued surveillance bias and possibly, known rare familial associations for some tumors. With respect to the latter, Malchoff et al. described an association between papillary thyroid cancer and papillary renal neoplasia in a large kindred. 16 Thyroid cancers are also included in the spectrum of Familial Adenomatosis Polyposis, Cowden syndrome and Werner syndrome. 17 Mutations in the CHEK2 gene, which is involved in DNA damage repair, lead to an increased predilection for multiple cancers including colon, breast, thyroid, prostate and kidney tumors. 18 These rare syndromes, however, are likely to account for only a minor part of the increased risks observed in most subsequent primary studies. Although radiotherapy may be used in the treatment of several of these malignancies and the fields could involve the thyroid gland (lung, melanoma, breast), radiation effects are less likely to be seen in this latency period. Typically reported latency periods of thyroid cancer after radiation exposure a b Includes risks associated with only the most common histologies of thyroid cancer and any other thyroid histologic groups with significantly elevated SIRs. The SPTC tumors were divided into the following groups: (1) papillary thyroid cancer, (2) follicular cancer, (3) Hürthle cell cancer, (4) anaplastic cancer, (5) medullary thyroid cancer, (6) thyroid lymphoma, and (7) other, including carcinomas NOS, sarcomas, and squamous cell and neuroendocrine tumors a Refused, recommended, unknown 19 Radiation would especially be an unlikely risk factor in tumors where the thyroid is not in the field of radiation (such as renal, prostate, uterine and colorectal cancers).
When long-term increased risks ([10 years after diagnosis) are examined, the delayed risks seen with lymphoma and leukemia are not surprising, and are most likely related to radiation treatment (whole body radiation or mantle radiation which involves the thyroid) for these malignancies. 10 Similar effects may also account for the smaller delayed increases seen in the risk for skin melanoma, many of which are treated with adjuvant radiotherapy, especially in the head and neck region.
More intriguing is the persistent, rather than delayed elevated risk of SPTC in patients with primary breast and renal cancers up to and beyond10 years after diagnosis. Although a small component of this may be accounted for by genetic syndromes, certain observations warrant consideration. Because treatment effects can have potential impacts in this latency period, we examined our data set further by evaluating the reciprocal risks of developing breast or renal cancer in patients with an initial thyroid cancer and stratifying patients by whether radiation treatment was received or planned as part of the first course of therapy. Interestingly, the risks of developing both malignancies after an initial thyroid cancer were elevated and moreover, the SIRs followed a latency course similar to that of SPTC after initial renal or breast cancer. In the case of renal cancers, few patients received external beam radiation and the majority of the increased risk for SPTC was observed in nonirradiated patients. The fact that the overall risk was elevated in the radiation group and was largely confined to the initial few months after diagnosis further speaks to the importance of examining latency trends rather than overall risks. In case of breast cancers, while increased risks of SPTC were noted in both nonirradiated and irradiated patients, the delayed risks [60 months after diagnosis were noted only in the nonirradiated group. Our results from these analyses would suggest that radiation treatment effect alone is unlikely to be the sole factor responsible for the associations seen between these malignancies.
A review of the existing studies shows that other investigators have also reported reciprocal associations of thyroid with breast and renal cancers. Ronckers et al. noted an association between thyroid cancer and cancers of the breast and kidney irrespective of which cancer occurred first. 8 They also observed a significantly increased risk of a SPTC in patients with renal cancer who had received some radiation during the course of the treatment (SIR 5.51). However, similar to our findings, significantly more patients who developed a SPTC in this setting had not received any radiotherapy. In contrast to our findings, however, patients in their study who had received radiotherapy for breast cancer did not show a statistically significant overall increase in the risk of SPTC. Significantly more SPTCs were observed in patients who did not undergo radiation for breast cancer, but similar to renal cancers, the risk did not remain elevated C10 years after diagnosis. Although their study also used data from the 9 SEER registries, the discrepancies in our findings may be related to our longer period of follow-up. Another reciprocal study that used data from the California Cancer Registry, noted an overall SIR of 3.9 for the development of renal cancer after an initial thyroid cancer, with the elevated risks noted in the latency periods[1 year and also C5 years after diagnosis. 3 Again, the increased risks were noted in nonirradiated patients. Sandeep et al. noted persistently elevated risks for the development of SPTC after kidney cancer or female breast for the 1-9 years and [10 years after diagnosis and vice versa. 7 This study did not look at radiation effects. Brown et al. noted an SIR of 2.4 for the development of cancers of the kidney and renal pelvis after a primary thyroid cancer. 2 The increased risk was noted in patients not exposed to radiotherapy. Liu et al. also noted reciprocal increased risks of renal cancers after thyroid, breast, prostate and other malignancies in their study of the Swedish Family-Cancer database. 20 In all of the above studies, the association between thyroid and renal cancers seems to be the strongest. A recent meta-analysis reported that prior radioactive iodine therapy for thyroid cancer does not appear to increase the risk of subsequent renal cancers. 21 Our examination of the effects of prior radioactive iodine therapy on risk of subsequent renal cancers does show delayed increased risks. However, risks for second renal cancers seems to be elevated throughout the study period in patients who did not undergo any radiation or radioisotope therapy, indicating that this factor alone is not responsible for the marked associations we have observed. Although there were no data available in SEER*Stat regarding chemotherapy, immuno-, or hormonal therapies, the observations described above, combined with our data, suggest that there are likely as yet undefined etiologic risk factors and/or treatment effect associations between thyroid, renal, and breast cancers.
To the best of our knowledge, our study is the first to examine population-based data in this setting with specific attention to tumor histology. We found that, most of the elevated SPTC risk is attributable to well-differentiated tumors of the papillary, the follicular variant of papillary thyroid cancer, or follicular types. Increased SPTC risk for medullary thyroid cancer was noted only for prostate cancer, and it was confined to the first year after diagnosis, indicating a surveillance bias effect. An increase of ''other'' thyroid histologies was noted for lung and lymphoma in the 12-59 month latency period; however, because the number of observed cases is relatively small, the clinical significance of these is not known. Follicular thyroid cancers, rather than papillary cancers, seem to feature more prominently in the delayed and persistent risks associated with renal cancers, however, the mechanisms underlying this association remain to be determined. With respect to renal cancers, most of the elevated risks are attributable to primary renal cell carcinomas (the most common subtype), rather than other histologic types of renal cancer.
Although our study is limited by the treatment effects that can be examined by using the SEER database and by its retrospective nature, its strengths include a large patient population with extensive follow-up and in-depth evaluation of the latency course of risks rather than only an assessment of overall risks. Our findings are important in that they may have potential implications for thyroid cancer screening in patients with certain types of malignancies. Although our data provide insights into particular cancer associations, additional research is needed to further define the possible biological and environmental mechanisms underlying them.
